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EXECUTIVE SUMMARY

This executive summary of thienovative and Economical Steel Bridge DesigreAiatives for Colorado
reportpresents an overview of the project, which is an extension of previous work performed by researchers
at Colorado State Universiigvestigating SimpleMadeContinuous (SMC) construction for steel bridges

The current work ingstigates the option of usistpeldiaphragms ahe SimpleMadeContinuous (SMC)
connectionin place ofconcrete diaphragms which are favored in other steel SMC research.

Chapter 1 Introduction

Provides a summary of previous work performed for CDOI amintroduction to the SMC concept. The

SMC concept involves placing simple span, cambered steel girders between piers, providing additional
longitudinal top reinforcing for the slab over the support piers and casting the composite deck slab. Once
the concreteslab achieves strength, the additional top reinforcing allows the bridge girders to act as
continuous for all superimposed loads, both dead and live.

Chapter 2 Literature Review

Provides a review of literature related to the SMC concept including summasesetBMC concepts
presently in use and an inventory by type. Also presented are findings of other researchers regarding the
SMC behavior of various connection compressiod gension transfer mechanisms. Research included
consists of both analytical analysis with finite element software and actual full scale physical testing.

Chapter 3 Description of Study Bridge and Preliminary Calculations

Thebridge carrying Coloradot&te Highway 36 over Box Elder Creek, a SMC briddth steel diaphragms

is the subject of the study. In this chapter the bridgdescribed angreliminary hand and computer
calculations are used to analyze the bridgee computer calculations addresdbe variousAASHTO

truck loadings and provided the final maximum ultimate design moments for the SMC bridge design. The

SMC connection was then evaluated by simple hand calculations for its ability to carry the maximum SMC
negative moment. During theind analysis of the welds between the girder bottom flange and the sole

pl at e, it was discovered that these welds were pi
truck load.

Chapter 4 Finite Element Modeling

In order to study the behavior of thelected bridge, the SMC connection was analyzed using Abaqus finite
element analysis software. Prior to the analysis, a sensitivity analysis was performed to determine the most
efficient element and material modeling of the various elements of the timmedVhile not an exact

match to the physical test, the results of the analysis provided valuable insight into the behavior of various
components of the connectimtiuding the shear lag in the slab reinforcementmotdntially high stresses

in the soé plate

Chapter 5 Laboratory Testing of SMC Connection

A full scale physical test of the full connection and partial girders was performed in the structural lab at the
Colorado State University Engineering Research Center. Loads were applied by tfehydmulic

actuators at the ends of two cantilever beams to simulate a negative moment at a center support. The test
not only verified that the weld to the sole plate was below its required strength, but also that the sole plate
was inadequate for tlapplied axial load and its resulting moment. The results were compared to the finite
element analysis and several aspects of the behavior compared well.



Chapter 6 Parametric Study

A parametric study was performed to extend the range of the tidiglge girders with a span range of

80 feet to 140 feet, with girder spacings ranging from 7 feet 4 inches to 10 feet 4 inches and slab thicknesses
varying from 8 inches to 9 inches. The results of this study were subsequently used in the development of
a defgn methodology and design equations for the connection.

Chapter 7 Design Recommendatiastor Future SMC Connections with Steel Diaphragms

In the original connection, the main elements resisting the SMC moment were the bottom flange, weld to
the sole plte and sole plate fahe compression component and the SMC top reinforcing steel for the
tension component of the SMC moment. A simple method is developed to determine the required quantity
of SMC reinforcing and subsequent equations to verify the dgpeEdhe final connection. Also provided

are cost comparisons showing conclusively that the subject connection not only creates a more economical
steel bridge than similar schemes using concrete diaphragms, but that it is also more economical than
convertional spliced fully continuous steel bridges.

Chapter 8 Results of National Survey

At the request of CDOT, a survey of other states DOTs was performed to investigate how they were using
SMC construction. A total of ten questions were asked relati®MiG design and the results of these
surveys tabulated and discuss&ftibry few states are using steel SMC construction.

Chapter 9 Conclusion

A summary of the benefits of the SMC con¢eid in particular, the benefits of SMC bridges using steel
diaphragns in lieu of concrete diaphragrsspresented It is readily apparent that SMC bridges are more
economical and safer to construct, also, it is shown that SMC bridges with steel diaphragms are more
economical and quicker to construct than those constiudgth concrete diaphragms. Recommendations

for further research into SMC behavior are presented. Based on the findings of the physical test,
implementation steps are presented to address possible distress in the S.H. 36 bridge over Box Elder Creek.
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1.INTRODUCTION

The popularity of prestressed concrete for bridge construction in comparison to steel may be largely
attributed to the lower cost ofgstressed concrete bridgekhe impetus for the development of the Simple
Made Continuous (SMC) concept came from the desire for steel bridges to be able to compete economically
against precast/prestressed concrete bridges for medium to long girder span

Typically, continuous bridges are more economical than simple span bridges because they develop smaller
positive interior span moments due to the negative moments at the continuou€entisuous bridges

can also be attractive because they reduceuhwer of joints in a deck, which can have a positive impact

on bridge durability. Conventional continuous steel bridges are-competitive relative to continuous
prestressed concrete bridges primarily due to the construction technique. The stegtgaotinections

must be made in the field and these connections typically occur in portions of the spans over the bridged
roadway, thus requiring shoring of the girders over the roadway until the continuity connection (welded or
bolted) can be made. SMs§eelbridge construction is able to overcome these limitations, and thus
represert an innovation that may help make steel girder bridges competitive with precast concrete bridges,
possibly increasing the economy of both construction techniguéslorado.

In brief, SMC connections behave as simple or hinged connections for permanent dead laad and
continuousconnectiondor live loads and superimposed dead loads. The typical method of obtaining
continuity involves placing steel girders and foramwfor castin-place concrete slabs. Reinforcing steel

for slabs, which spans perpendicular to the beasnmstalled and additional top reinforcing oriented
parallel to the girders is placed over the girder ends that are to act continuously. Qocertbie has set,
negative moment continuity exists and is taken through the composite slab and various means of steel girder
attachments. The overall concept results in lighter weight steel gaddra simplified construction

process

In the past tenlps years, considerable research has gone into the development of details for Simple Made
Continuous (SMC) bridge connections for steel girder bridgesdescribed in thiterature review of this
report, extensive research has been conducted at theekditiv of Nebraska, Lincolmn a concrete
diaphragrmbased desigrand several bridges have beeiilthusing variations on that desigm Nebraska

and other states.

A past CDOT funded research project on SMC construction (van de Lindt et al.\289&)tended to
provide designers a tool to rapidly estimate the cost of steel for a steel SMC bridge. This project focused

on sizing of the girderand developed software that is able to outpatlighteststeelwide flange shape
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given various bridge diensions such as span lémgbridge width and overhangd.his project also
developed design charts for enevo- and threespan SMC bridges with various deck widths and calculated

the cost of the structural steel per square foot of bridge deck.

The preent studyextends the work of the previous project to further develop steel SMC technology for use

in Coloradoand other statef\s the continuity connection at the pier is a vital part of a successful SMC
design, lhis report focuses on the findings ofuamerical and experimental evaluation of a SMC connection
using steel diaphragms rather than the concrete diaphragm that has been previously investigated at the
University of Nebraska. Thiype of connection was used by CDOT for 8té¢ 36 bridge over Boklder

Creek constructed iB005and 2006 The report includes the results of taluation, recommendations

for enhancing the connectisron the bridge overBox Elder Creek, and design guidance for future
connections of this typ@he report also providdindings from a survey about steel SMC construction that

was completed in 2010.

1.1 Report Organization

The content of this report is organized as follows:
Chapter 2: literature review focusing on continuity connection details for steel SMC bridge ciomst

Chapter 3: description of the Box Elder Creek bridgeluation objectivesnd preliminary analysis of

the steel diaphragm SMC connection used on this bridge
Chapter 4: finite element modeling of the steel diaphragm SMC connection
Chapter 5: expénental testing of the steel diaphragm SMC connection

Chapter 6:parametric study considering the steel diaphragm SMC connection for different bridge

configurations
Chapter 7: design recommendations for future steel diaphragm SMC connections
Chapter8: findings from survey on SMC construction

Chapter9: conclusion

13



2. LITERATURE REVIEW

Literaturerelated to SMC construction and the continuity connection at the pier in parti@daeviewed

and issummarized heras it relates to 1) the concept of simpilade continuous, 2) general research to
develop the SMC concept, 3) findings at University of Nebrakkacoln including details of finite element
analysis (FEA) modeling and physical testing performed in the lab, 4) existing code requirements for design
of affected elements, Pyevious physical testing performed in the field on completed structures and 6) a
review of bridge deck structures known to have been constructed with the SMC concept.

2.1 Simple Made Continuous Concept for Steel Bridges

The earliest mention of the idea of SMC found was in a paper that discussed the integral construction of
steel girders into concrete piers to achieve continuity after the concrete had attained its design strength (set).
The reasons for the continuity howeveere not for using smaller steel sections but for increased seismic
strength of the completed structure. The details of this methodology were extremely complex and
correspondingly expensive to construct and it is therefore only mentioned in a histoext(Nakamura,

2002)

While not inwidely distributed i t er at ur e, (Lampen208lpresended a stutlyefstees bridge
economicsand presented a preliminary analysis and physical testing of a simple madeagstiimige
girder connection. Based on this research, it is believed that steel bridges made with the SMC concept

could be competitive with precast concrete bridges. Details of the testing will be discussed in Section 2.3.2.

The earliest publicly publigt relevant mention of the SMC concept as used in the United States was in,
appropriatel y enou@ddzimanihiRkovande Veam 2004nrwhich ghe ®Idwing

benefits of the SMC concept were presented:

Negative moments at piers are l&gsSMC than for beams continuous for all loads, deadigad

Mid- span moments will be larger due to lockedlead load moment from simple beam action;
however this balances positive and negative moments better than standard continuous beams in
which regative moments may be significantly larger than positive moments.

SMC diminates welded and/or bolted field splices altogether.

Moment of inertia of the beam is increased after composite action is invoked for both positive and

negative bending.

The samarticle also points out the following improvements in the fabrication and erection processes of
the SMC concept:

14



1 Shop detailing of the bridge girders is simplified as no flange holes are necessary for splice plates,
and, no detailing of the splice platégmselves is required.

T Smaller and hence cheaper cranes will be requi
to reach over the roadway to support partial span girders.

1 Time savings in overall erection compared to conventional continuoussgiva@ch are typically
constructed with bolted field splices. These splices are generally made at low stress locations close
to the points of inflection of the continuous girders.

91 Significantly less disruption of traffic on existing roadways since spiocegonstructed over the
bridge piers.

2.2 Research to Develop Steel SMC Connections

This work was done at the University of Nebraskancoln and is described in a series of theses and reports
Lampe (2001), Farimani (2006) and Niroumand (2009). Tlasgu this research were to:

1 Work toward the development of an economically competitive concept for steel bridges to compete
against prestressed concrete bridges.
Comprehend the force transfer mechanism at the SMC girder connection
Develop a mechanistic adel to predict the behavior of the connection under design loads and a
design methodology

All specimens considered had concrete diaphragms at the supports based on the thought that since these
were specified in NDOR standarflDOR, 1996)for SMC bridges constructed with precast/prestressed

girders, they should also be used on steel girder bridges.

Research started with Lampe (2001) who modeled and tested the connectionmrshgunel. Lampe
started with SAP2000 modeling of the connection shown along with two other varigtaompe N. J.,
2001) The results of the SAP2000 analysis were agyroximate and will not be discussed further except

to say:

1 This was a quick way to obtain preliminary results and fine tune an analytical model before going
into a full finite element analysis with more complex software such as ANSYS or ABAQUS
1 A full span analysis was performed in order to determine initial rotations induced by the dead load

on the simple spans, which were then used in the physical model.
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Legend:
A = Girder
B = Web openings for reinforcing

o A&
o B
o E C = End vertical stiffener plate
< D = Horizontal stiffener plate
o o}

D E = Concrete compression block

Figure 1 - Girder connection specimen modeled at University of NebraskaLincoln (Lampe N. J., 2001)

Of the three variations invegated, that shown ifrigure 1 was chosen for physical testing primarily
because the computer analysis showed that the contact of the bottom flanges resulted in ductile behavior of
the connection. The physical testingtieé connection configuration shownkigurel consisted of first

initiating end rotation in the beam ends to simulate the initial dead load etidrrdiya adjusting the slab

support shoring in stages. This involved the lowering of the temporary supports and taking potentiometer
readings of the girder end displacements. Based on an increase in horizontal separation of the girders, the
end rotation auld be calculated. Once the theoretical rotation was achieved, shores would remain in place
until the concrete had attained its design strength. Of all of the literature reviewed on the subject of SMC
connections testing, this is the only work that rmmed applying the simple span end rotation prior to

testing.

The completed model was then subjected to fatigue testing prior to ultimate strength testing. The fatigue
testing resulted in the largest cracks occurring in the slab at the edges of ttedecdiaphragm, which

was attributed to an abrupt change in rigidity from the slab over the diaphragm to the slab alone. In over
two million cycles, the stress in the reinforcing steel varied lessGlaksiand remained in the elastic
range. Althouglthere were several pump failures before failure load was achieved, failure of the specimen
occurred at a load of 350 kips, which induced a moment at the SMC connection fif-4&0 The failure

was due to yielding of the top tension reinforcing badctile failure.

Farimani (2006xonsidered three specimens as described below and shé&iguia?2:
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Specimen I Two girders with abutting bottorflanges to directly transfer compression and thick end

compressiomstiffeners, whichdevelop a portion of the interstitial concrete in compression.

Specimen 2 Two girders separated by a gap and no stiffeners, so that compression in the girder and webs

must be transferred by only a small region of the concrete.

Specimen 3 Two girders with a gap and thick end compression stiffeners which develop the interstitial

concrete in compression.

I 1 A [ 1 A
o A& C o A&
o o B o o B
o ]

Specimen 1 Specimen 2

[ I A
C

Legend:

o &
o o B
A = Girder
° /D B = Web openings for reinforcing

NI

C = End vertical stiffener plate

D = Concrete compression block

SpeciJven 3

Figure 2 - Girder Connection Specimens Tested at University of Nebraskhaincoln (Farimani M. , 2006)

All of the specimens evaluated had holes either punched or drilled through the girder webs to allow the

l ongi tudi nal reinforcing of the diaphragm to pass
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that this is nothe case in the NDOR standards for precast concrete girders in which the longitudinal
diaphragm reinforcing is terminated on either side of the girder. The girders with the diaphragm and

composite slab installed are showrFigure3.

| B Legend:
| A = Concrete diaphragm

B = Composite concrete slab

C = Steel girder

D = Concrete pier

Figure 3 - Connection with diaphragm and slab in place

In this case, physical testing was conducted prior to the FE analysis. Fatigue testing was performed on all
three specimens. The appropriate number of cycles for the testing was determined to be 1350En000

was based on AASHTO and the\Scurves for the girder material; this number of cycles was deemed to

be excessive for testing. It was decided to alternatively increase the applied load and reduce the number of
cycles using AASHTO equation (6.6.52) (AASHTO, 2012)in an attempt to achieve the same effect.
Following 2,780,000 cycles in fatigue, ultimate load tests were performed on the same specimens. Faults
in the loading due to failing load pumps required unloadingj reloading of the specimens during pump
replacement. Due to instrumentation failures, values for the many strains in the second and third specimens

were unavailable.

Based on the test results, composite action was verified to be effective in altedtthas there was virtually
no slip measured between the top girder flange and the bottom of the concrete slab. This was discussed as
being the result of bond between the concrete and the headed shear studs; bond seems unlikely to be stronger

than theactual contact bearing between the slab concrete and the stud heads and shafts. In the test of the
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second specimen, excessive deformation/movement of the bottom flanges occurred due to failure of the
interstitial concrete; enough such that the diaphragrs through the girder web failed or were sheared
through. In the test of the third specimen, an increase in concrete compressive stresses was noted between
the girder end stiffeners; this is obviously due to the bottom flanges not being connectedvaes¢hiay

the first specimen and thus the specimen failed due to concrete crushing.

Based on the physical testing, the following is a summary of what were determined to be the modes of

failure of the specimens:

Specimen 1 Yielding of top reinforcing ste€Huctile failure)

Specimen 2 Crushing of diaphragm concrete at the girder bottom flange (crushing or brittle failure)
Specimen 3 Crushing of concrete between the end stiffener plates (crushbrgtte failure)

The finite element analysis was perfaad using ANSYS software to obtain more information about the
connection behavior beyond that of the physical test. By exploiting symmetry, only half of the model was
required and necessary constraints were placed at the center of the SMC connectamalyEiseused a

static nonlinear analysis due to the low rate of load application.

Investigation of the load displacement curves of the physical tests and FEA analysis indicated that they
compared well. Numerical instabilities occurred in some of thdtefor the second specimen, which also
performed poorly in the physical tests. Otherwise, these results corresponded well with the results of the

physical test specimendés results.

Another study by Niroumand (2009) was performedmitersity of Nebras& / Lincolnto evaluate a SMC
connection intended for accelerated construction and to look at SMC connections for skew bridges; the
portion specific to skew bridges will not be discussed herein. A distinguishing feature of the connection
intended for acderated construction is that the top flanges are coped so that the longitudinal slab
reinforcing may be hooked into the diaphragm at the location of thagjiFigure4 andFigure5. Neither

the compression plate sizes nor their attachment method was given. The compression plate is used in lieu
of the full height end girder stiffeners and actually abuts thepoession plate of the adjacent girder, thus

taking the concrete compression block out of the connection behavior. From examin&ligured, it

may be seen that the compression blocks (C) at the end of the beam are stiffened towards their outside edges
by vertical stiffeners (F) and at the center by the web of the girder (&kti&n of this type of connection

in the field will require very tight fabrication tolerances in the shop. If a girder is too short, there will be a
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gap between the compression plates, whereas if a girder is too long, the girders will not be able to be se

since portions of the compression plates will be trying to occupy the same space.

Legend:
A = Girder

D

E B = Web openings for reinforcing
- / B C = End abutting compression plates
. C D = Coped top flange
E = Bolts through web

o]
/ F
o F = Vertical edge stiffener each side
‘\A

G = Elastomeric bearing pad

Figure 4 - Accelerated connection detail modeled at University of NebraskalLincoln (Niroumand, 2009)

The accelerated idea this detall is that the SMC (lower) layer of top slab reinforcing is to be placed in
two pieces; each has a hooked lap bar placed into the far end of the diaphigaged, thus also lapping
nearly the full width of the diaphragm.

Legend: A = Slab bottom moment reinforcing

B = Slab top moment reinforcing

C =Top SMC bars
D = Bottom slab bars

E = Hooked lap bars for top SMC bars

F = Diaphragm bars through girder web

G = Concrete diaphragm

Figure 5 - Detail at SMC Connection showing reinforcing layout in diaphragm and slab
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Physical testing was again conducted prior to the FE analysiguetesting of the model preceded
ultimate load testing and as in the previous University of Nebralskecoln study, the number of cycles
was reduced from 135,000,000 to 4,000,000 through the use of AASHTO equation (6.1 Rybuse
of this method, thepplied fatigue moment had to be increased from 532kipstto 1137 fookips or

approximately double the load to reduce the number of cycles to 1/34 of the original number.

Subsequent to the fatigue testing, the ultimate load test was performed. I@agdpplication issues, the

test was stopped, corrections made and then started all over. When loaded the second time there was
evidence of some nonlinear behavior at a load that had previously behaved linearly during the stopped first
test; no explanain was provided for this phenomenon, but it was likely due to crack initiation in the tension

zone of the slab.

In addition to the physical model testing, material tests were performed on the various materials, i.e.,
structural steel, reinforcing steebricrete and elastomeric material to obtain their engineering properties

for later validation of results with a finite element analysis of the connection.

Significant conclusions drawn at the end of the ultimate load testing and evaluation of instrumentatio

results are summarized below:

The strain profile at the end of the girder was linear
The cantilever end of the girder had considerable displacements, up to 13 in. vertically without
concrete failure and thus exhibited significant ductility.
1 The strain pofile of the longitudinal reinforcing bars at the diaphragm dropped significantly at the
face of the diaphragm; this was likely due to the increase in the amount of reinforcing in this area.
1 While the concrete in the vicinity of the steel blocks had tighdst compressive strains, these

strains were lower than those that would cause cracking or crushing.

The finite element analysis of this scheme was performed using ABAQUS finite element software and was
conducted subsequent to the physical testing ofrtbdel. Material properties based on the previously
discussed material tests were used in the model. The verification process was considered complete when
the loaddisplacement curves for the FEA and physical test were in agreement. Once the finite element
analysis was verified with the physical test, it would give the ability to evaluate different scenarios. As
ABAQUS was the finite element analysis software selected for use in the research project described in this

report additional details of this anadis is prowded in section 2.3.1.
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2.3 Findings of Nebraska Experimental Program

In total, the University of Nebraskd.incoln studies investigated five different connection types. All had

the similarity of being encased in concrete pier diaphragms,helds drilled through the girder webs so

that the diaphragm reinforcing could pass through the web and act continuously. Three of the six
specimenskigurel (Lampe),Figure2a (Farimani) andrigure4 (Niroumand), had the benefit of some sort

of interconnectiorbetween the bottom (compression) flanges of the girders at the center of the SMC
connection; these connections failed by steel yielding, a ductile failure. The remaining specimens had no
connection between the girders in the compression area and faitatciete compression, a brittle failure.

It is evident that connection details involving the interconnection of the bottom flanges had a more desirable
failure mode and the authors did not hesitate to point this out.

Of the three ductile connections, tihest economical and likely quickest to construct was that investigated
by Lampe, which was subsequently the basis of the work by Farimani. This connection had the simplest
reinforcing steel details and a straightforward steel compression transfer rsethmativeen the steel

girders. However, this connection still has complexities and unknowns, specifically:

1 The diaphragm steel passing through the girder webs, which require that holes be punched, drilled
or flame cut through the webs.

1 The concrete diaphgan is cast prior to the bridge slab and thus, will engage the girder ends prior
to the slab concrete; this could cause changes between the behavior in the lab and the field

1 By the girders being embedded in the concrete diaphragms, they are suscaptidtui@ seepage

due to gaps caused by concrete shrinkage that will occur at their perimeters

The previous work at University of Nebraskd.incoln also provided valuable insight in terms of finite

element modeling and physical testing.

2.3.1 Details of Finite Element Modeling

Of the SMC connections studied for which FEA was performed, three types of FEA software were used,
specifically, SAP2000(Lampe, 2001) ANSYS version 5.7(Farimani, 2006)and ABAQUS 6.9
(Niroumand, 2009) Only details related to these of ABAQUS are presented here, as ABAQUS was the

finite element software used to evaluate the steel diaphragm SMC connection.

In the third study (Niroumand, 2009), prior to the complete finite element analysis of the model, ABAQUS
was used to obtaimue stresstrain curves for the reinforcing bars; the ABAQUS analysis included the

effects of necking of the bars under streSarthermore,n this study(Niroumand, 2009)two methods to
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model concrete in both tension anohpression available in ABAQUS were considered, specifically,
Concrete Smeared Cracking and Concrete Damaged Plasticity. For the subject model, Concrete Damaged
Plasticity was chosen as it models the nonlinear behavior of concrete in both tension aedsiommore
accurately than Concrete Smeared Cracking, although at the cost of significantly more processing time.
Five different tension failure models were discussed for concrete in uniaxial tension and in the end, the
Barros et al(2002) method was elected; this method is somewhat complex as it involves the evaluation

of more than six equations. Three different compression failure models were considered for concrete in
uniaxial compression. The Carreirra and ¢h885)method was selected as itsagesalue matches the
ultimate compressive strength of the concrete yndadike the other methods considered.

T h e s (Nirodngabds 2009¥liscussion on element type selection was fairly brief in comparison to the
material selection discussion. The steel girder was modeled using shell elements as this provided not only
nodal displacements, but also nodal rotations. Nodal rotations cannbtdined by the use of first order

solid elements, but can be provided by second order solid elements at the cost of additional processing time.
Timoshenko beam elements were chosen to model the shear studs as these would also provide shear
deformationresults. Three dimensional two node truss elements were selected to model the slab
reinforcing. The slabs were modeled as first order eight node brick elements; no explanation was given as

to why a second order element was not required.

Constraints consted of embedding the reinforcing bars and studs in the slab; while this method simplifies
analysis, modeling the stud as an embedded beam may not capture the effect of the head of the stud locking
the slab down since the beam is only a line type elenitmtiever, this should not have a significant effect

on the overall results. The lower nodes of the studs were tied to the girder top flange. Although not very
clear, it appears that lateral constraints were applied to the bottom flanges of the guidees\artical

load was carried through part contact with the elastomeric bearing. Additional contacts were modeled
between the end steel compression plates. No mention of contact between the interstitial concrete and the

ends of the girders was mentiohe

Sensitivity analyses were carried out on variations of mesh size, omitting studs and tying the slab to the

girder, load application methodology, etc. A summary of the findings of this analysis follows:

1 While a finer overall mesh was no better than ars® mesh for the entire model, more accurate
results were obtained using a finer mesh in the vicinity of the concrete diaphragm.
1 The load application applied to the top of the slab vs. the bottom flange of the girder gave better

correlation to the actuahysical test results.

23



1 The girder connected directly to the deck in lieu of being tied with studs caused considerable
elongation in the slab reinforcing bars over the girder, thus, shear studs should be used to correctly
model this interaction.

2.3.2 Lab Testing of SMC Bridge Connections

Lab testing of physical models involved construction of the model simultaneous with the placement of
embedded and surface mounted instrumentation; the instrumentation is subsequently wired to a data
acquisition device. &mpe (2001) went into great detail about instrumentation types, their use and their
placement. The types of monitoring instrumentation used, their mounting locations and other details of
their installation are given ihablel.

Table 1 - Summary of Instrumentation Type and Placement

Gage Type Placement

Steel surface electrical stral| mounted to the surface on the top @ides of the girder flanges, mounted
gages embedded reinforcing bars

Concrete embedmel| placed in the composite slab and the concrete pier and diaphragm

vibrating wire strain gages
Steel embedded electric| placed on girder flanges and webtside of the concrete diaphragm and slab
strain gages
Concrete surface electrici measure strain on the surface of the concrete slab and diaphragm, mountec

strain gages concrete surface
Potentiometers (linea positioned at the girder ends to elehine and set initial simple beam end rotat
transducers) and at the location of load application to measure beam deflection

Farimani (2006) provided instrumentation to obtain results for the two load stages tested, cyclic fatigue
loading and ultimate loading. dtrumentation used included electrical strain gages, vibrating wire
embedment gages and potentiometers. Electrical strain gages were mounted to the steel girder webs and
flanges and the steel reinforcing bars, vibrating wire embedment gages were mbaitibneounted within

the concrete slab and diaphragm. These gages were also attached to the reinforcing steel in the diaphragm
between the girder endRotentiometers were used to measure the vertical deflection of the beam ends and

in the test of the ihd specimenFigure2a, they were used to measure the movement of the girder bottom
flanges into the concrete diaphragRor the cyclic fatigue loading, two 220 kip MTS actuators were used,

one at the cantilevand of each girder. The load was applied to a spreader beam so as not to subject the
bridge deck to a concentrated load. The load range of 2 kips to 106 kips was then applied by means of
displacement control. After cyclic fatigue test, it was foundttiestiffness of the specimen had decreased

such that the load for the specified displacement had decreased to 74 kips from 106 kips. At the conclusion

of the fatigue test, it was noted that there was a reduction in stiffness of approximately 12 percent.
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Niroumand (2009) provided instrumentation to monitor both the fatigue and ultimate load tests. The types

of gages and their utilization were similar to those listed in

Tablel, with the addition of a crack meter iveten the girder webs at the top flange at the center of the
connection.The cyclic fatigue loading was applied in the same manner as the tests conducted by Farimani
(2006).The stiffness of the system wagainobserved to decrease during the test, thosmy have been

better to use load control over displacement control.

For the ultimate strength te@iiroumand,2009) the MTS actuators were replaced by four 300 ton
hydraulic rams placed at locations where they would provide the correct momentmé#seduplied load,

which would correspond to the beam end shear. The rams applied the load to the slab by means of a
spreader beam with a rod from each ram at the ends. The test load was increased gradually in load steps

which varied from 10 kips to 2&ps during the test.

2.4 Field Testing of Bridges Constructed with SMC Connections

Several bridges designed and constructed with the SMC concept have been tested in the field to verify their
efficacy in continuous behavior for live load. Of the bridtggested, there was no evidence found of any
previous specific lab testing or finite element analysis as in the Nebraska bridges.

The earliest published field test information was by Lin (2004); this work investigated/verified the
AASHTO specification livdoad distribution factors for two different bridges. However, also in this study,
the author investigated the live load continuity of one of the bridges, Ohio State Highway 56 over the Scioto
River (2003), constructed with the SMC concept to verify it<C3d&havior.

The SMC detail of this bridge is shown kigure6 andFigure7 and bears a strong resemblance to the
Nebraska detail shown irigurel. The bridge was instrumented with four pairs of strain gages on two
adjacent girders, two feet from the support pier. Based on infornfationthe strain gages, the bending
moments from a known truck as a function of position along the bridge were able to be calculated. Upon
review of the bending moments, the bridge was indeed found be acting continuously for the live load of the

truck.
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I 1 I T Legend:

o) Ow. E A = Girder

o o 7 B B = Web openings for reinforcing
C = End vertical stiffener plate

© o C D = Horizontal stiffener plate

o o D E = Headed studs

= —* ., A F = Concrete compression block

| | > [

[ <\ |> <\ F

Figure 7 - Bridge over the Scioto River pier detail

Subsequent field evaluation B§olis A. J., 2007pn a bridge on U.S. 70 over Sonoma Ranch Road (2004)

in Las Cruces, New Mexico was performed to verify SMC behavior at the interior bridge piers. As shown
in Figure§, this appears to be a variation of the Nebraska detail shdwgurel with the main difference

being the addition of a bolted g plate connecting the top flanges and more web openings. From review
of the construction documents the procedure for fastening the top plates involves tightening the bolts after
the concrete has fully cured; this along with the concrete compressnldgding ineffective until it has

attained design strength insures that the connection will not resist any dead load moment. In addition to
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the top flange splice plate, the composite slab has additional reinforcing in the negative moment zone over
the pie. The top flange splice plate also has shear studs, which have been omitted from the figure for

clarity.

The field study involved the installation of 56 strain transducers at select locations along the bridge where
they were attached to the center of Wb and either the top of the bottom flange or the underside of the

top girder flange, depending upon location in the span. For the test, a truck with a total weight of
approximately 56,000 Ibs. was positioned along the bridge at eight different lscati@sed on strain
readings, the neutral axes of the girder were determined and compared to the assumed theoretical values.
The evaluation of the experimental vs. the theoretical showed that the results compared well and also
showed that the actual congite action included the effects of the longitudinal reinforcing steel and the

concrete haunch being effective.

Additional study was done by comparing the experimental results with those obtained with a SAP 2000
model. The model in SAP 2000 was calibdeéis much as possible to agree with the behavior of the actual
bridge. Based on the experimental and the SAP 2000 results, the bridge behavior was found to be simple
for dead load and continuous for live load. Also, the studies showed that althoughabkerdop flange

splice plate, in order for the bridge to behave as it had, the top reinforcing steel was also necessary to resist

the negative moments over the supports.

G Legend:
T A = Girder
PRI AN E B = Web openings for reinforcing
—C C = End vertical stfener plate
o “0 D D = Horizontal stiffener plate
© © A E = Headed studs
N O .
° ° or-2 F = Concrete compression block
o |o o|l o« B .
) G = Bolted splice plate
—

Figure 8 - U.S. 70 over Sonoma Ranch Road SMC detalil
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Anotherbridge on which field studies were performedhis DuPont Access Road Bridge in Humphreys

County, Tennesse€&jgure9 andFigure10 (Chapman, 2008) This bridge is somewhat of a hybrid due to
the following variations in its construction:

1 The top flange has no studs in the negative moment tension zone
1 The bottom flange has a lower reinforcing plate in the negative moment compression zone

1 Wedge compression plates are field welded between the bottomsflarigeto placement of the
concrete diaphragm

This bridge does not actually meet the definition of having SMC connections; however, it is noted in this
literature review because it does have an interesting feature in that the continuous connectibridgehis

is developed by the use of field installed and welded wedge plates between the bottom girdeFitanges,

11 This is a novel approach tornecting the bottom flanges for continuity as it allows for adjustment in

the field and does not require the tight tolerances as would be required in the Nebraska details. Also, while
not studied in the work (Chapman, 2008), the behavior of the wedtgs piould be the same as the

abutting end plates of the Nebraska detail and, thus, would most likely result in more ductile behavior in
the connection.

~B Legend:
L A A = Girder
] I .
L B = Splice plate and bolts
a A C = End vertical stiffener/complate
< — C D =Horizontal channel stabilizers
-
L i} D E = Wedge compression plates
T " E F = Bottom flange reinforcing plate
I 4 !
v
| 7F
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Figure 9 - DuPont Access bridge SMC detalil

Figure 10- DuPont Access bridge slab and diaphragm
A Legend:

% ’/ﬁ % A = Wedge plates

| B = End stiffener
ELEVATION A C = Girder web

D = Girder bottom flange

B

/
-

o O

PLAN (1/4”)

Figure 11 - Wedge plate detall

2.5 Summary of Bridges Constructed with the SMC Concept

At the time of this writing, there were at least twelve known constructed and opersti@hglirdebridges
found in the United States that have used the SMC concept or variations thereof; there are quite possibly
more n design and planning or construction stages, which are not considered. These operating bridges

and relevant points about their SMC details/behavior are summarized in chronological order below; dates
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provided are the dates that the drawings were issaredohstruction. Detailed information about each

bridge is provided iM\ppendix 1i CurrentSMC Bridges

Massman Drive over Interstate 40, Davidsoi€ounty, Tennesseé& November, 2001

This is a two span, two lane composite rolled girder bridge with concrete diaphragms at interior
supports; ma x Fénu m sCuoannt iinsuilt4g546 s achieved by st
bottom flanges and a steeptflange splice plate, which is fastened prior to concrete placement,

thus this bridges is actually simple for only the girdergeight andcontinuous for all other loads.

State Highway N2 over Interstate 80, Hamilton County, Nebraskd November, 2002
This is a tub (box) girder bridge and is not directly within the scope of this study but it is noted that

it uses the SMC concept at its interior piers.

U.S. 70 over Sonoma Ranch Blvd. Las Cruces, New Mexicd August, 2002

This structure consists ko nearly identical bridgesne in each direction. Each isheeespan,
two-lane,compositeplate girder bridge with concrete diaphragms areshaionflangesplice plate,

which is bolted subsequent to the concrete settigna X i mu m s padnCoritiraiity is1 9 6
achieved by girder bearing stiffeners compressing the diaphragm concrete and tension in the top
flange splice plate, which also has headed studs and top slab reinforcing steel. The top splice plate
is unique to this bridge and it takes filace of providing additional reinforcing steel in the top of

the slab to develop the SMC behavior.

Dupont Access Road over State RAdDacamber,200Humphr e
This is atwo-span,two-lane composite rolledirder bridge with conete diaphragms at interior
supportsma x i mum sPan i €Lo87Td6nuity is achieved in t|

Drive bridge.

Sprague St. over Interstate 680, Omaha, NebraskaMay, 2003
This is atwo-span.two-lanebridge with compositeolled-steel girders with concrete diaphragms
at interior suppobDbds; PMart momi spansi acBvéved b

girder compressing the diaphragm concrete and top tension steel in the deck slab.
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Ohio S.H. 56 over the Scioto River Circleville, Ohio i June 2003

This is a six spartwo-lanebridge with composite plate girders with concrete diaphragms at interior
supports, maxi wm spaGonitsi nui2& is achieved ¢k
compressing the diaphragm concratel tension in the top flange splice plate.

State Highway No. 16 over US 85, Fountain, Coloraéebruary, 2004

This is a four spantwo-lane bridge with composite steel plate girders embedded in concrete

di aphragms at the interi e2ro.s upQ@oonrttisnuinayx iimu mac
bearing plates on the girder compressing the diaphragm concrete and top tension steel in the deck
dab.

New Mexico 187 over Rio Grande Rivei Arrey/Derry, New Mexico i June, 2004

This is a fivespan, twalane compositg@late girder bridge with concrete diaphragms and a top

flange tension splice plate, which is bolted subsequent to the concrete; seftkigium span is

109D . Continuity is achieved by girder bearir

and tension in the top flange splice plate, which also has headed studs and top slab reinforcing steel.

State Route 210 over Pond Creek, Dye€ounty, Tennesseé June, 2004
This is a five span, two lane composite rolled girder bridge with concrete diaphragms at interior
supports; ma x F2nu.m sCpoannt iinsuilt3y26i s achieved in t

Drive bridge. Three of the fivepans of this bridge also have full midspan bolted plate splices.

Church Ave. over Central Ave., Knox County, Tennessek January, 2005

This is a six span, three lane, composite rolled girder bridge with concrete diaphragms at interior
supports, maximume pan 0®.10&C®ntinuity is achieved in t
Drive bridge.

State Highway No. 36 over Box Elder Creek, Watkins, Coloradb June, 2009 his is a six span,
two-lanebridge with composite rolled steel girders with steel diaphraggrise interior supports;

maxi mum sgdm.i s CoOohdinuity is achieved by c¢omg
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girders by connection to a common sole plate and top tension steel in the deck slab. This is the

only completely SMC bridge to not use axcrete diaphragm.

US 75 over North Blackbird Creeki Macy, Nebraskai May 2010 and US 75 over South

Blackbird Creek i Macy, Nebraskai May 2010

These are almost identical three span, two lane bridges with composite rolled steel girders with
concretedi aphr agms at i nteri or s8udp paorrgtos7 3réeaxyiemu m v
Continuity is achieved by end bearing plates on the girder compressing the diaphragm concrete and

top tension steel in the deck slab.

The behavior of these bridges maysoenmarized as being in one of the followfogr categories:

1. Simple made continuous with an integral concrete diaphragm and abutting bottom flanges, as shown in

Figure2a or similar.
State Highway No. 16 over US 85, Fountain, Colorado
Sprague St. over Interstate 680, Omaha, Nebraska
State Highway N2 over Interstate 80, Hamilton County, Nebraska
US 75 over North Blackbird CreékMacy, Nebraska
US 75 over South Blackbird CreékMacy, Nebraska
Ohio S.H. 56 over the Scioto RiveCircleville, Ohio

2. Simple made continuous for all superimposed loads with flange interconnections, i.e., simple for girder

dead load onlyfigure9.
Church Ave. over Central Ave., Knox County, Tennessee
Dupont Access Road over State Route 1, Humphre
Massman Drive over Interstate 40, David&tunty, Tennessee
State Route 210 over Pond Creek, Dyer County, Tennessee
3. Simple made continuous for live loads witbstconnectedlange interconnection(skrigure8.

New Mexico 187 over Rio Grande RivieArrey/Derry, New Mexico
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U.S. 70 over Sonoma Ranch BlvdLas Cruces, New Mexico

4. Simple made continuous with steel diaphragms and exposedrémnaig 12.

State Highway No. 36 over Box Elder Creek, Watkins, Colorado

Legend:

A = Bridge Girder welded to bearing plate

B = End stiffener (diaphragm beam n
shown)

C = Shear studs

D = Composite slab

E = Steel bearing plate

F = Support pier

Figure 12 - SMC Detail with a Steel Diaphragm
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3. DESCRIPTION OF STUuDY BRIDGE AND PRELIMIN ARY

CALCULATIONS

3.1 Bridge over Box Elder Creek

The previously constructedteel SMC bridges described at the end of chapter 2 generally make use of a
concrete diaphragm that must, in messeshelp resist compression developed due to the negative moment
over the pier in order for the SMC behavior to elep. By far, the most unique of the SMC concepts
currently in use is that on the S.H. 36 bridyer Box Elder Creeln Colorado, shown ifrigure13- SH

36 Over Box Elder Creek (reprinted courtesy of AISC)

¥ B 5
v St R
(a3 "}‘m’- Sy S S I .

Figure 13- SH 36 Over Box Elder Creek (reprinted courtesy of AISC)

This bridge develops its SMC continuity through tension in the composite slab top reinforcingndteel a
compression in welds to a sole (base) plate on top of the pier that is common with the adjacent girder as
shown inFigure14. This connection workaithout the need for a concrete diaphragm for compression

and thus has steel diaphragm beams connected to the bearing stiffener atahehmem irFigure15.
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Figure 15- SH 36 Over Box Elder Creeki Girder Details (reprinted courtesy of AISC)

The behavior and design of theteel diaphragnsMC connection is thprimary subject of this report for

the following reasons:

1.1t is a unique concept that hasnodot been anal yt

2. No concrete diaphragm is required to transfer the SMC casipeeforces, which means:

a. No need to wait for the diaphragm concrete to set up to cast the deck slabs, which will
result in time savings / accelerated construction.

b. Absence of the concrete diaphragm makes the connection accessible for future inspection
ard allows the steel girder to properly weather for corrosion protection

c. All compression is transferred by steel elements, wheans both the tensile and
compressive forces at the connection are transferred by a ductile matanplying
ductile connectin behavior.

d. No need to rely on the additional concrete strength afforded by confinement, which is a
necessity with some of the Nebraska schemes

3. ltis simple and straightforward in both its design and construction.

a. The use of a common base plate alldiws slight deviations in longitudinal girder
dimensions without the accuracy required for exaetigitas in the other steel to steel
details.

4. Due to its simplicity, it appears to be more economical than other previously studied schemes
Design of this tpe of connection is not well addressed by existing AASHTO provisions, thus
making it a desirable subject for analysis and testing.

6. This connection involves field welding of the bottom girder flanges to a common sole plate to
transfer the compression compeon of the SMC connection forces as opposed to direct bearing

connections in most of the other SMC schemes.

3.2 Scope of Evaluation

The evaluabn efforts on this connection included the use of analytical models and experimental testing to
understand thebehavior/performance of this SMC connection with rolled girders with loading
representative of bridges withaps in the range of 8060 feet. The investigation of the connection also

aims to develogomplete design provisions for this type of connedtimtuding:

1 Consideration of the effect of shear lag in the top deck reinforcement and development of design

procedures to specify the rebar placement.
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1 Investigation of the transfer of load through the girder such that all forces are capable of being
tranderred through only a bottom flange connection.

1 Understanding of the interaction between the bottom girder flange and the sole plate and
identification of all design parameters required.
Determination of calculations necessary for the welds between thplat# and girder flange.
If weld sizes and/or lengths become excessive, development of formulations and design criteria for
steel wedge bearing plates to transfer bottom flange compression across the joint.

1 If wedge plates are required, consideratiordefails to prevent lateral movement of the SMC

girders.

Throughout the investigation and the development of a design methoddlmgyeconomy and
constructability of the connectidras been a primary consideration.

The limitations of the evaluation dedmd by this report include:

1 Only gravity loads due to typical roadway loading have been considered. No lateral loads such as
vehicular centrifugal force, vehicular braking force, wind, earthquake, soil pressure, etc. were
included in any analysis or dggicheck.

1 The analysis considers only the effects of the applied maximum moment and corresponding shear
Thermal effects such as temperature gradient or thermal expansion forces due to environmental
temperature changes were not considered in any anatydésign check.

9 Other incidental forces such as effects due to shrinkage or down drag were not considered.

3.3 Preliminary Calculations

3.3.1 Bridge and Connection Loading

3.3.1.1 AASHTO Requirements

Loading on the study bridgand its SMC connectionsgjas determined in accordance with the AASHTO

LRFD Bridge Design Specification (AASHTO, 2012)he bridge is subjected to both dead and live loads.

Of the dead loads, there are permanent loads that will cause only simple moments in the girders. tPermanen
dead loads include the selkight of the steel framing, the concrete slab and anything cast into the slab
such as drain grates, hangers, etc. Then there are superimposed dead loads, which are installed after the
SMC connection has become effective p&imposed dead loads would include wearing course pavement,

downspouts, signage, railings, etc.

37



The code required live loads on bridges, designated é&3tonsist of a lane load along with any of three

specified truck loadings. The lane loading is40klf over a ten foot wide lane or 0.064 ksf. The truck

|l oadings consist of :0 wilde talkd edse saingdn ftriOuwd la mwil tele &6
axle spaci-0g,t hrdwgplhi alddne f oot i nctoteoh&9pobssible t hi s
trucks, Error! Reference source not found; (2) the @signtandem truck as shown Figurel17; and (3)

the dual trucks as shown kigure 18.

|2

Y Y A
8.0 [kips 32.4 kips 32.Q kips

L1 L2

Figure 16 - AASHTO Design Truck
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B.0 kips

14 ft.

25 kips 25 Kips

4 ft.

Figure 17- AASHTO Dual Tandem

32.0|kips 32.0(kips 8.0 kips 32.0|kips

14 ft. 50 ft. 14 ft. 14 ft.

32.0

kips

Figure 18- AASHTO Dual Truck

For the type of bridge selected, AASHTO specifies four applicable load combinations, which are shown in

Table2. Once the appropriate combination has been selected, applicable load factors,

combination are used @ble3) .

For the purpose of this

based

study,

on

since it will create the largest wheel loads and consequently, the largest absolute internal moments and

shears.

Table 2 - Applicable Load Combinations

Combination Name

Description

Basic load combination relating to the normal vehicular use of

Strength | bridge without wind.
. Load combination intended to control yielding of steel structures
Service I . .
to vehicular live load.
. Fatigue and fracture load combination related to infinite-ioddced
Fatigue | . .
fatigue life.
. Fatigue and fracture load combination related to finite -inddced
Fatigue 1l . .
fatigue life.
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Table 3- AASHTO Load Factors, gd s

Combination Name | Dead(DC) | Vehicular Pedestrian | Vehicular Dynamic Loag
Live(LL) Live(PL) Allowance (IM)

Strength | 1.25 1.75 1.75 33%

Service Il 1.00 1.30 1.30 33%

Fatigue | - 1.50 - 15%

Fatigue Il - 0.75 - 15%

The vehicular dynamic load allowand®ASHTO Table 3.6.2.1.1)s determined in accordance with
Equation 1. The IM shall only be applied to the truck wheel loads and not to the uniform lane loading. The

IM shall be applied as an additional load factor tostlatic loads in combination with the values for IM in
Table3.

1.0+1M/10C Equation 1

The final form of the load equation@= $i Q , where for the bridge considered,

h. = Load modifiers as follows:

factor relating to ductility = 1.00

factor relating to redundancy Q.0

= factor relating to operationabskification =1.00
Q = the various loadgs

g = the applicable load factor for the loadder consideratic

Iy
hR
hl

While theh values are all 1.00 for this particular bridge, this is not always the case.

Distribution of live loads for moments to interior and exterior beams is determined based on bridge
supporting component (girder) type anakléype. In this study, the girders are steel beams and the deck
type is a casin-place concrete slab, which according to AASHTO Table 4.6:2,4sla crossection type

(a). Thus, in accordance with AASHTO Table 4.6.2.24.2the design loads shak ldetermined based on

Equation2 for one design lane loaded andExuation3 for two or more design lanes loaded. It should be
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noted that thelistributionfactors are to be applied to the axle loads, not the wheel loads which are one half

of the axle loads.

0 .
0.06+ A — ; A Equation 2
Ha 2 ¥ J2ad 2

Equation 3

K, =n(1, &) (4.621-1)
n=—=e (4.6.2.2.1-
=

|, = moment of inertia of girder (ih.)

A= girder area (if. )

E; = modulus of elasticity of girder (ksi)

E. = modulus of elasticity of concrete (k

S = spacing of beams or webs (ft.)

t, = depth of concretea (in.)

L = span of beam (ft.)

N, = number of beams, stringers or gird

S = spacing of beams or webs (ft.)

t, = depth of concrete slab (in.)

L = span of beam (ft.)

N, = number of beams, stringers or girders
g, = distance between the centers of gyanitthe

basic beam drdeck (in.)

And the limits of applicability are:

3.5¢S (16.0

45¢t, (12.0

20¢ L €240

N, 2 4

10,000¢ K, ¢7,000,00 41



In addition, the variable may vary depending on the desired force effect and is defined in AASHTO Table
C4.6.2.1.11. Should all of the girder spans be the same, ltlveouid be the same for all force effects such

as minimum/maximum moments, shears and reactions.

Alternatively, AASHTO allows another methodology, the lever method, which provides more conservative
(Barker, 2007)Joads than the distribution factor method angstivas not considered.

3.3.1.2 Determination of Bridge and Connection Loading

For the study bridge, load determination for the girder was made with a computer analysis of the effects of
the design truckskrror! Reference source not found, Figure 17 and Figure 18.  The Excel based
software tool developed for this study prowdee maximum positive/negative moments in the sl

at each support as well as the maximum/minimum reactions at the each support for all 19Tthacks.
software also provides the position of the first wheel of the truck that produsesrtheimumeffects

The usercan then seledhe case for the d@edresult (minimumor maximum moment, shear, gtand

request a detailed analysis of that truck and its first wheel location. Results of the detailediankigisis

shear and moment diagrams floe entirebridge based on the critical load positiarhediagramsor S.H.

36 over Box Elder Creek fahe truck position producingmaximum negative moment at a support are
shown inFigure 19 (shear) ad Figure20 (moment). The blue (dashed) line indicates the loading due to

the superimposed wheel, lane and wearing course loads and the red (solid) line indicates the sum of the

superimposed loads and the simple dead.
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Figure 20 - Moment Diagram

The load condition shown in the preceding figuisresponding to the maximum negative moment the
SMC connections on the bridge must regsthe condition caused by the dual truEkg(re 18) with its

first wheel 136 feet from the beginning of the bridge. The dead load moments Usetbtaltwere based

on the weight of the bridge girder, steel diaphragms and concrete B@shear and moment determined

here were used throughout this evaluation effort, including the preliminary assessment of connection

performance and for the loaudj in the finite element model and experimental test of the connection.

3.3.2 Bridge Limit States and Resistance Requirements

AASHTO (2012) provides the formulations and methodology to determinesthesturalcapacitiesof
elements subject wifferent @mponents of force and the applicable resistance factors for the specific limit

states involved.

Specific materials considered in the study were:
9 Structural steel for girders and plates
1 Reinforcing steel
1 Steel for headed studs
9 Filler metal for welds

9 Concrete for the slab, haunch and support pier
Detailed ultimate capacity or ultimate stress requirements based on AAQATDare presented ifiable
4. These values were used in hand calculationgdproximataletermination of the ultimate moment and

shear capacity of the connection as detailed. The hand calculations followed the standard practice of
ignoring the tensile capacity of the concrete.
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Table 41 AASHTO Ultimate Capacity Calculations

Material Stress/Load Formula for Determination Source
Description (AASHTO eqgn. numbe
unless noted)
Structural Nominal  Flexural M =M (6.10.7.1.21)
. n p
Steel Resistance
Dp ¢ 0.1D,
Structural Nominal Flexural A D (6.10.7.1.22)
Steel Resistance M,=M_ .07 -0.7=
D, >0.1D, G D,
Structural Nominal Flexural (6.10.7.1.23)
Steel Resistance M, ¢1.3R M ,
(continuous spar
limitation)
Structural Nominal Shear e (6.10.9.21)
Steel Resistance o] é
Stiffened Webs é 0.87( 1- C)
Vv, = Vp éC e
- o 2,
¢ /1+ a%o 2
Structural Nominal Shear V, =V, CV (6.10.9.21)
Steel Resistance o] P
Unstiffened Webs | andV, = 0.5&,Dt,,
Structural Nominal Axial Load sz (6.9.4.1.21)
Steel- Bearing| Capacity P,= 5 A\;
Stiffeners aKl o
& 0
C r. -
Fillet Welds Nominal Shear R =0.6F (6.13.3.2.4b1)
H " exx
Resistance
Shear Nominal Shear Q = Q1 (6.10.10.4.11)
Connectors Resistance '
Concrete Modulus of Elasticity _ . (C5.4.2.41)
E. =1,82Q) f,
Concrete Modulus of Rupture - (Sect. 5.4.2.6)
0.24/f.
Concrete Tensile Strength 0.23/f (Sect. C5.4.2.7)
* Cc
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Variabledefinitions:

C = ratio of the shear-buckling resistarioghe shear yield strength from
Egs. 6.10.9.3.2-4,-5 or -6 as lgable, withk, = 5.0

D = clear distance between the flanges tegsinside corner radsuon each side

D, = distance from the top of the concretzk to the neutral axis of the composi
section at the plastic moméint)

D, = total depth of the composite section.)i

M, = plasticmoment capacity of the composite sett{kip-in.) per AASHTO D6.1

M, = ultimate moment at the strength limiate (kip-in.)

R, = hybrid factor per AASHTO article 6.1010.1 (1.0 for rolled girders argirders
with constarft, )

Once the nominal strength values for the various limit states are determined, resistance factors in

accordance witffable5 areapplied todetermine the design strength

Table 57 AASHTO resistance factors

Limit State Resistance Factor and Value
Flexure (structural steel) f. =1.00
Compression (structural steel only) f =0.90
c .
Tension in gross section (structural steel) fy =0.95
Tension (reinforcing steel) fy =0.90
Shear (structural steel) f =1.00
v =L
Shear (concrete) f =0.90
v .
Shear Connectors in Shear f =0.85
sC )
Shear Connectors in Tension f = 0.85
s .
Web Crippling f =0.80
w .
Weld metal in fillet welds with tension or compressi f =1.00 (same as base metal)
parallel to axis of weld e
Weld metal in fillet welds with shear in throat of wg f =(.80
metal *2
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3.3.3 Preliminary Connection Evaluation

The study connection was analyzed by hakmpendix 2i Hand Calculationsto determine the controlling
moment capacity of the various components. Moment capacities were determined by calculating the
nominal axial capacities of the various componengpplying their respective resistance factors and
multiplying by their moment arms. The moment results of these calculations are preséatgddénThe

applied maximum moment from the analysis, as shovigare 20, is 1,968 kipfed.

Table 6 - Comparison of SMC Moment Capacities of Study Connection

Component fPn Moment Arm fMyMoment Capacity
Slab Reinforcing #8+#5 1129 kips 41.375 inches 3890 kipfeet

W33 Bottom Flange 615 Kips 40.345 inches 2070kip-feet

Welds to Sole Plate 421Kips 40.875 inches 732 kipfeet

Sole Plate 700 Kips 41.375 inches 2414 kipfeet

As shown in the tablegthe moment capacity of the welds to the sole plk484kip-feet) is over25% less

than the required momeoapacity of 1, 968 kifpeet for the worst case truck load. The anticipated actual
ultimate axial load to the welds is 578 kip&ompared to a calculated capacity 4#1 kips). This
preliminary finding influenced the experimental test. As described ap@h5, the connection that was

built for testing was modified from the exiting connection on the Box Elder Creek Bridge. The connection
was built with two different weld sizes on the two girders, one weld was the size specified on the plans and
one waghe larger weld calculated to provide adequate moment capacity. A safety device was also installed

to allow the connection to continue taking load even after failure of the small weld.
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4. FINITE ELEMENT MO DELING OF SMC CONNECTION

This chapter discusses modeling of the study connection in ABAQUS finite element software. Material

modeling methods are discussed and the material properties to be used are developed. The first finite
element analysis (FEA) performed was a sensitivigiysis of a double cantilever girder to optimize the
meshing, element selection, element order, contact and constraint types to be used, boundary conditions
and load application methodology. Finally, the study girder connection was modeled and arsahged u

ABAQUS. The final ABAQUS results were then used for monitoring of and comparison with the physical

model test.

4.1 Material Modeling

Materials modeled were steel for beams, steel for stiffener plates, steel for sole (bearing) plates, weld metal
for welds, steel for reinforcing bars, steel for headed stud anchors, concrete for slabs and concrete for
support piers. Steel members were expected for the most part to remain in the elastic range however, some

areas, particularly in the area of the wel@dednection might extend into the plastic range. The same

material model was used for both tension and compression for the strgtdetaConcrete is brittle and

has very low tensile capacity, thus its properties were defined on the basis of bi¢hfadinse and

compressive failure.

Steel beamdNo damage of beams was anticipated except for the possibility of some plastic behavior thus,

the beam material was modeled in ABAQUS as follows:

General=>Density = 2.935xT&ips/incl? (use gravity valuef -1)

Mechanical =>El asticity=>EIl astic

Mechanical=>Plasticity=> péfable7

Table 71 Steel stressstrain curve values for i = 50 ksi(Salmon, 2009)

No. | Yield Stress (ksi) Plastic Strain (in/in)
1 52 0

2 54 0.0193

3 69 0.0283

Steelstiffeners and sole (bearing) plat@éo yielding of the stiffener plates nor the bearing plates was

Youngos

anticipated however, the stiffener and bearing plate material will be modeled as follows:
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General=>Density = 2.935xT&ips/incl? (use gravity value ofl)

Mechanical =>El asticity=>El astic Youngds Modul us
Mechanical=>Plasticity=> péfable8

The elasticity properties were used until yield and then the plasticity properties were used for all of the

plates modeled.

Table 81 Steel stressstrain curve values for Fy = 50 ksi(Salmon, 2009)

No. | Yield Stress (ksi) Plastic Strai (in/in)
1 50 0

2 54 0.0193

3 69 0.0283

Steel reinforcing baramage might have occurred to the reinforcing bars over the support at the location

of the SMC action and therefore the material was modeled as follows:

General=>Density = 2.935xT&ips/incl? (use gravity value ofl)

Mechanical =>El asticity=>El astic Youngbs Modul us
Mechanical=>Plasticity=> pérable9.

Table 9 - Steel Reinforcing StressStrain Curve Values for iy, = 60 ksi(Grook, 2010)

No. | Stress (ksi) Plastic Strain (in/in)
1 60 0

2 63.9 0.0155 (0.01759€.002)
3 74.9 0.0380

4 88.0 0.0780

5 91.6 0.1180

6 86.8 0.1580

7 81.9 0.1830

Weld Metal E70XX electrodes were used on both the actual bridge and the physical modelst&iiess

information about welds was difficult to find and many times was found to be specious at best. The selected

reference, RiclegRicles, 2000)appears to have been used in a considerable amount of studies up until the

present. The weld material information presented therein was based upon coupon testing of samples welded

with E70 electrodes. The weld metedhs anticipated to yield and most likely fail prior to the final total

moment.
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General=>Density = 2.935xT&ips/incl? (use gravity value ofl)

Mechanical =>El asticity=>El astic Youngos

Mechanical=>Plasticity=perTable10 andFigure2l.

Table 107 Weld StressStrain Properties for E70 Electrodes

Stress (ksi)

Shear StudsNo yielding of the shear studs was anticipated nonetheless, the material was modeled as

follows:

No. Stress (ksi) Plastic Strain (in/in)
1 71.0 (yield) 0.0000
2 78.0 0.0205
3 80.0 0.0206
4 86.6 0.0455
5 89.0 0.0955
6 90.0 0.1205
7 89.0 0.1455
8 86.6 0.1955
9 75.0 0.2455
10 53.0 0.2955
11 1.0 0.2956
100 - .
F,=90 ksi
90 -
80 _/ \ Fy: 71 ksi
70 -
o 4{ \
50 -
40 -
30 -
20 -
10 -
O T T T T T T 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Strain

Figure 21 - StressStrain Diagram for Weld Metal (Ricles, 2000

General=>Density = 2.935xT&ips/incl? (use gravity value ofl)

Mechanical =>El asticity=>El astic Youngos
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Mechanical=>Plasticity=> péfable11.

Mechanical properties for headed studs were given in the Nelson Stud Welding Catalog (Nelson, 2011).
These studs conform to ASTM-208 specifications for 1010 through 1020 mild steels. A graph of their
stressstrain diagram is presentedrigure22. It should be noted that the locations of strain hardening and
ultimate strain were estimated as 25 times and 40 times yield strain respectively haseiéw of the
behavior of other similar steels; these did not have an effect on the analysis since their interaction with the

concrete did not cause significant strains nor plastic strains in the studs.

Table 117 Steel Stud Material Properties for StressStrain Diagram

Minimum Values Mild Steel Shear and Concrete Anchors
Yield, 0.2% offset (ksi), R 51
Ultimate Tensile (ksi), R 65
% Elongation,A i n 20 gag]|?20
% Area Reduction 50(ICC, 2012)
70 - .
F,= 65 ksi
o /
‘_\50 8 F,=51ksi
240 -
£30 1
)
20 -
10
0 T T T T 1
0 0.02 0.04 0.06 0.08 0.1
Strain

Figure 22 - Stressstrain diagram for stud shear connectors

Concrete It was anticipated that for the SMC action to be invoked, there would be cracking in the upper
concrete when it was subjected to tensile loads from the negative moment over the support. The concrete
material model that modeled this effect most proparlg s A CONCRETE DAMAGED PLAS
Characteristics of this model are two failure mechanisms, tensile cracking of the concrete and compressive
crushing of the concrete. A suitable concrete response curve and formulation for concrete subject to

uniaxial tesion was presented by Godalaratnam (1985). This formulation provides a peak at the
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determined tensile strength and then a curved softening response after tensile failure, which accurately
models the effects of widening cracksgure23. This response occurs due to tension from bending action

on the concrete causing micro cracking over the support. The tensile damage behavior became effective
initially over the supports and then extended further into the slab as more load was applied at the girder

ends.
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0  0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016

e (tensile strain)

Figure 23- Softening Response to Uniaxial Loading Based on Plain Concrete Tensile Dam#&@epalaratnam,
1985)

Where
For the ascending portion: For the descending portion
. glé &'A,C?Ej s = 5(e)
%g ? e, 8 H Where:
Where: w= crack width( rin)

/ = 1.01 afactor
k =1.554x10° a factor

s = tensile stress
5, = peak value ofs
e= tensile strain
e,= valueofe at ;s

E= initial tangenimodulus

The values used in the model are summarizekhlrie12; these values wed®E2 det ern

psi for the actual physical model concrete, which came from the concrete cylinder tests.
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Table 127 Damaged stress/strai values for 4712 psi concrete in uniaxial tension

Stress (ksi) Strain Plastic Strain
0 0 0

0.500 0.00013 0

0.481 0.00015 0.00002
0.459 0.00018 0.00005
0.431 0.00022 0.00009
0.325 0.00040 0.00027
0.305 0.00044 0.00031
0.255 0.00058 0.00045
0.173 0.0008 0.00067
0.067 0.0014 0.00127

Niroumand (2009) considered several models for damage of concrete under uniaxial compression loading.
The study compared the work of three sources and settled on a reasonably simple #Gprogich&
Chu, 1985) this model uses only concrete ultimate compressive strength, strain at ultimate strength and

strains to determine the values of useable compressive st(erﬁg'th. In addition, it was the only model
investigated, which allowed the concrete to reach its ultimate compressive strength before failure; all others

peaked at values less than the ultimate strength. The basic formula for this model is Biyeation4.

This equation usesfactor b, which is determined by usififguation 5. HoweverEquation 5is dependent

upon fc' in units of MPa; this was converted for ksBEquation 6. For verification purposes, the Carreira

& Chu study was compared against an older, frequently(@eulila, 2011)nethod(Karsan, 1969)which
somewhat conservatively underestimates the compressive strength of the concrete. Comparisons of both

methodologies for 4712 psi concrete are presented in the cléguie24. Corresponding tabular values,

based on Carreira and Chu were used in the analysis are presented in

Tablel3.

Another, more recent concrete uniaxial compressive damage model was found that showedlpnpmise
2010) However, on evaluation of the formulations, the values for this model noulae reproduced by

the author using the formulations presented. Additionally, the formulation depended primarily on the initial
tangent modulus of the concrete being considered; this is not a value that is normally provided for concrete

mixes, thus thisnodel was considered unusable for multiple reasons.
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Equation 4

Where:

e
&
fC

Equation 5

= strain in concrete K g )

maximum compression stre$si( )

Equation 6

strain corresponding to the maximuness;f,

Table 13- Damaged stress/strain values for ZL2 psi concrete in uniaxial compression

Stress (ksi) Strain Plastic Strain
0 0
3.66 0.0016
4.20 0.0020 0.0004
4.63 0.0026 0.0010
4.71 0.0030 0.0014
4.70 0.0032 0.0016
4.65 0.0034 0.0018
4.41 0.0040 0.0024
3.95 0.0050 0.0034
3.24 0.0060 0.0044
2.73 0.0070 0.0054
I'n additi tension and compression

model also requires several variables to fully model the behavior of the concrete; the values used are

presented iTablel4.

Table 14 - Additional variables to effectively model "CONCRETE DAMAGED PLASTICITY"

fail

Variable Symbol Value Source
y (degrees) 31° (based on g (Malm, 2009)
Dilatation angle concrete friction angle
of 37°)

- e 0.1 Default value
Eccentricity (Simula, 2011)
Equibiaxial _ ) Sto 1.16 (Lubliner, 1989)
———— compressive yield stre

Uniaxial Seo
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Variable Symbol Value Source

Ratio of tensile meridian stress K.=q /q 2/3 Default value
compressive meridian  stress withd ¢ ™/ M) (Simula, 2011)
Hydrostatic pressure

iy 0 Default Value
(Simula, 2011)

Viscosity parameter

4.2 Element Selection and Modeling

Element types ABAQUS offers a substantial number of element types, when all of the standard elements
and their variations are codsired. Selection of the appropriate element type for a given structural part and
material can decrease processing time as well as provide more accurate results. The element types which
were anticipated to be used in this study are presenieabie15.

Table 15- Possible element types and their descriptions

Element Name Description Possible Use Notes
4-node doubly curved thin or thick she
S4R reduced integration, hourglass control, fin 1

Girder Flanges
Girder Web
Girder Stiffeners

membrane strains.
8-node doubly curved thick shell, reduc

S8R integration with 5 or 6 degrees of freedom
node
8-node linear brick with reduced integrati¢ Solid Girder
C3D8R and hourglass control (only providemdal| Steel Plates
displacements) Welds

Shear Connectors

20-node linear brick with reduced integrati Concrete Slab

C3D20R fjl?;g\lgcj:zfnen?so)th nodal rotations ai Concrete ngnch 2
Concrete Pier

T3D2 2-node linear 3D trusslement Reinforcing Steel

T3D3 3-node quadratic 3D truss element Reinforcing Steel

B31 2—nqde linear 3D beam element (sh¢
flexible) Shear Connectors
3-node quadratic 3D beam element (sh| Reinforcing Steel

B32 X
flexible)

Notes:
1. Shell elements daot provide output of internal forces for comparison to the moments calculated

by hand. Extracting and assembling the nodal forces and resultant moments from a beam created
with shell elements is a major task.
2. Quadratic brick elements for the slab becoseeerely distorted when modeled with elements

embedded within them.
Structural steel Structural steel shapes and stiffener plates were modeled as either shell or solid elements.
The shell elements had the advantage of not only providing the threementp of displacement, but also
providing the three components of rotation at nodes, which were not provided by first order solid elements,
Figure25. The final determination of the element type was based on tHesrestne sensitivity analysis,

Section4.4 Sensitivity Analysis
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Figure 25 - Meshed Girders- Solid Brick Elements (left) and Shell Elements (right)

Steel Sole plateDue to its simplicity, structural steel for the sole plate was modeled using linear brick

elementsFigure26.

Figure 26 - Meshed Sole Plate

Headed studs (shear connectorgaded stud anchors for composite action were modeled as either linear

brick elements, linear beam elements or quadratic beam eleménensional information for modeling

of theshear stud and the connector as modeled and meshed are shkayume7.
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B31a"
713716

Figure 27 - Shear Stud Connector Dimensions and as Modeled (brick elements)

Welds:Welds were modelled as either linear or quadratic brick elenfégtg,e28.

Figure 28 - Weld (left), Weld and Girder (right)

Reinforcing SteelReinforcing steel was modeled as either two or three node truss elements, linear beam

elements or solid linear brick elements. Linear beam elements would include shear deformations.
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